Phosphatidylinositol 4-phophate (PtdIns(4)P) is an essential signaling molecule in the Golgi body, endosomal system, and plasma membrane and functions in the regulation of membrane trafficking, cytoskeletal organization, lipid metabolism and signal transduction pathways, all mediated by direct interaction with PtdIns(4)P-binding proteins. PtdIns(4)P was recently reported to have functional roles in autophagosome biogenesis. LC3 and GABARAP subfamilies and a small GTPbinding protein, Rab7, are localized on autophagosomal membranes and participate at each stage of autophagosome formation and maturation. To better understand autophagosome biogenesis, it is essential to determine the localization of PtdIns(4)P and to examine its relationship with LC3 and GABARAP subfamilies and Rab7. To analyze PtdIns(4)P distribution, we used an electron microscopy technique that labels PtdIns(4)P on the freeze-fracture replica of intracellular biological membranes, which minimizes the possibility of artificial perturbation because molecules in the membrane are physically immobilized in situ. Using this technique, we found that PtdIns(4)P is localized on the cytoplasmic, but not the luminal (exoplasmic), leaflet of the inner and outer membranes of autophagosomes. Double labeling revealed that PtdIns(4)P mostly colocalizes with Rab7, but not with LC3B, GABARAP, GABARAPL1 and GABARAPL2. Rab7 plays essential roles in autophagosome maturation and in autophagosome-lysosome fusion events. We suggest that PtdIns(4)P is localized to the cytoplasmic leaflet of the autophagosome at later stages, which may illuminate the importance of PtdIns(4)P at the later stages of autophagosome formation.
| INTRODUCTION
Macroautophagy (hereafter referred to as autophagy) is an essential homeostatic process that is critical for maintaining health and that is dysregulated in multiple devastating diseases. Autophagy is orchestrated by several molecules, and among these, phosphoinositides (PIs) are thought to be essential for autophagosome biogenesis and maturation. In yeast, phosphatidylinositol (PtdIns) can be phosphorylated by the PtdIns 3-kinase, Vps34, to generate phosphatidylinositol 3-phophate (PtdIns(3)P). The PtdIns(3)P signaling pathway is important for autophagy. Yeast Vps34 forms an autophagy-specific complex containing Atg14, Vps30/Atg6 and Vps15, important for the organization of the phagofore assembly site. 1 Recently, it has been reported that PtdIns(4)P generation from PtdIns by PtdIns 4-kinase (PI4K) Pik1
and Stt4 in budding yeast, 2 and PI4K2A/PI4KIIα 3 in mammalian cells, is essential for the processing of autophagy. In addition, PtdIns(4)P was originally presumed to be a precursor for the formation of PtdIns (4,5)P 2 ; however, recent evidence has revealed that PtdIns(4)P is also a regulatory molecule in its own right via its interactions with a variety of binding protein adaptors in intracellular organelles and at the plasma membrane. 4, 5 Therefore, to completely understand the process of autophagy, it is important to determine the localization of PtdIns(4)P in the autophagosome at a nanoscale level and to examine the relationship of PtdIns(4)P with the functionally active key molecules at each stage of autophagosome formation.
Although imaging techniques using green fluorescent protein (GFP)-tagging of domains that bind PtdIns(4)P, such as the pleckstrin homology (PH) domain of four-phosphate-adaptor protein 1 (FAPP1), 6, 7 OSH1, 8 oxysterol-binding protein (OSBP) 3, 9 and OSH2 8 and the P4M domain of SidM, 10 provide resolution at the lightmicroscopic level, they may not have sufficient spatial resolution to determine these proteins' precise localizations in the cells. Additionally, other limitations of methods that use GFP-tagged domains have been described. [11] [12] [13] [14] One is that the GFP-tagged domain probe, when expressed in live cells, may disturb the intracellular signaling by sequestering lipids; for example, dramatic changes in the Golgi structure and function were observed in cells expressing the GFP-PtdIns (4) P-binding domain probe. 7, 15 Another concern is that a GFP-PI-binding domain probe is unlikely to detect PIs bound to endogenous proteins. 5 While methods that use light 16, 17 and electron microscopy (EM) 18, 19 may detect local heterogeneities of lipids on a smaller scale, the use of aldehyde-fixed cells is a potential problem because aldehydes do not react with most lipids, including PtdIns(4)P. 20 We employed a quick-freezing and freeze-fracture replica labeling (QF-FRL) approach that enables nanoscale membrane lipid labeling by physically fixing membrane molecules. [21] [22] [23] [24] [25] [26] [27] [28] In the QF-FRL method we previously demonstrated that PtdIns(4)P is localized at the cytoplasmic, but not the luminal (or exoplasmic), leaflet of the endosome, Golgi body and plasma membrane, [26] [27] [28] and demonstrated its relative cluster distribution in the flat plasma membrane and its domain formation in the endosomal and vacuolar membranes of mammalian and budding yeast cells. In the present study, our use of the QF-FRL method revealed that PtdIns(4)P is localized on the cytoplasmic leaflet in the inner and outer membranes of autophagosomes in autophagy-induced Huh7 cells.
Moreover, we found that PtdIns(4)P is mostly colocalized in the autophagosome with Rab7, but not LC3B or GABARAP, subfamily members.
Rab7 was previously reported to play essential roles at the late stage of autophagosome formation and in the fusion event between autophagosomes and lysosomes. We believe that the observed localization of PtdIns(4)P in the autophagosome is important for functionality at later stages of autophagosome formation and maturation.
2 | RESULTS
| PtdIns(4)P in the autophagosome membrane
To precisely determine the distribution pattern of PtdIns(4)P in the autophagosome in Huh7 cells, we analyzed its localization at the nanoscale level using high-resolution QF-FRL immunogold Membranes are split into two leaflets, and the hydrophobic interface (ie, the acyl chain side of the phospholipid monolayer) is exposed. (3) Vacuum evaporation: Thin layers of carbon and platinum are deposited onto the hydrophobic interface of the membranes to physically stabilize the membrane molecules including lipid-conjugated proteins such as LC3 and small GTP-binding proteins. 26, 55 Because platinum is evaporated from an oblique angle to the surface of specimen (45 in the present experiment), protruding structures block evaporation and produce "shadows" behind them. Thus, the area deficient in platinum deposition appears electron-lucent under EM (see Figure 2 ). Transmembrane proteins are observed as small bumps called IMPs. (4) Sodium dodecyl sulfate (SDS) treatment: Specimens are thawed and treated with SDS solution to dissolve materials other than the lipid monolayer and integral membrane proteins, which are in direct contact with the carbon and platinum layer. (5) Lipid head groups and proteins conjugated to lipids made accessible by SDS treatment are labeled with primary antibodies. (6) Secondary antibodies: After primary antibody treatment, replicas are labeled with gold particle-conjugated secondary antibodies to be visualized by EM. For double labeling, large and small gold particles are used for different antigens. EM, electron microscopy EM. Because autophagosomes induced by starvation or other conventional means are observed only infrequently by freeze-fracture EM, an appropriate method was used to increase the probability of the encounter. 25 To this effect, Huh7 cells were treated with a potent inhibitor of mammalian target of rapamycin (mTOR), Torin1, 29 for 1 hour in the presence of bafilomycin A1 to increase the number of autophagosomes by suppressing autophagosome-lysosome fusion. 30 Although the effects of bafilomycin A1 vary depending on the experimental conditions, 31 We have previously revealed that PtdIns(4)P can be specifically labeled with anti-PtdIns(4)P antibody using the freeze-fracture EM method. [26] [27] [28] We used this antibody to examine the distribution of PtdIns(4)P in the autophagosome membrane on the exoplasmic (luminal) and cytoplasmic leaflet (termed the E-face [EF] and P-face [PF], respectively). QF-FRL revealed gold particle labeling, indicating PtdIns (4)P immunoreactivity, localized on the cytoplasmic leaflet (PF, Figure 2A ), but not the exoplasmic or luminal leaflet (EF), in both the outer and inner membranes of autophagosome. The labeling density of PtdIns(4)P on the cytoplasmic leaflets (PFs) in both the inner and outer membranes was significantly higher than on the luminal leaflets (EFs, Figure 2Da ). The average gold particle densities on the cytoplasmic leaflets (PFs) of the inner and outer membranes were 91.6 AE 14.2 and 163.4 AE 16.6 particles/μm 2 , respectively, indicating that the PtdIns(4)P labeling density on the PF in outer membrane was significantly higher than that in the inner membrane ( Figure 2D , blue columns). Previously, we estimated the PtdIns(4)P content in the cytoplasmic leaflet (PF) of intracellular organelles and the plasma membrane using labeling intensity in a liposome replica as a scale. 27 Based on the gold labeling density of the liposome replica, the content of PtdIns(4)P in the cytoplasmic leaflets (PFs) of the inner and outer autophagosomal membranes is estimated to be <1 and < 2 mol%, respectively, revealing that they were comparable to that of the Golgi body and much denser than that of the plasma membrane (<0.5 mol %). 26, 27 Close inspection revealed that there were both PtdIns(4)Ppositive ( Figure 2A ) and PtdIns(4)P-negative ( Figure 2B ) autophagosome structures in the Torin1-treated Huh7 cells. Figure 2Db 39 To examine the localization of LC3B in the autophagosome in the Torin1-treated Huh7 cell, we again used QF-FRL. Freeze-fracture EM revealed that the LC3B labeling was detected on the cytoplasmic leaflet (PF) in both outer and inner membranes ( Figure 3A and B). These results are consistent with our previous report where labeling by anti-GFP antibody in the Torin1-treated Huh7 cells exogenously expressing GFP-LC3 was localized on the cytoplasmic leaflet (PF) in outer and inner membranes of autophagosomes. 25 Unexpectedly, labeling of LC3B was detected in approximately less than half of the double-membrane autophagosome structures. Figure 3C presents the labeling percentage of each structure, indicating that approximately 44.7% and 41.3% of the inner that after autophagosomes seal, which initially forms a cup-shaped double membrane, the Atg8 attached to the outer and inner membrane dissociates and can presumably be recycled; however, the Atg8 on the inner membrane is trapped within the sealed autophagosomes.
This trapped Atg8 is detectable by immunofluorescence or immunogold labeling until the incoming lysosomal enzymes degrade it. Atg8/ LC3 is thus, the first specific marker protein for autophagosomes.
These observations are consistent with the data of our present study that reveals that both LC3-positive and LC3-negative double membranes coexist in the autophagosomes of Torin1-treated Huh7 cells by using a QF-FRL technique. Both the LC3B-positive and LC3B-negative structures have the typical morphology of autophagosome that is double-membrane structures with few IMPs. The average of IMPs density on each fracture face of LC3B-positive and LC3B-negative structures was much lower than that on the PF of the PtdIns (4) and Rab7-positive autolysosome/lysosome.
| Localization of PtdIns(4)P and LC3B in autophagosomal membranes
To further characterize the nature of PtdIns(4)P-positive autophagosome structures, we tried to double-label the PtdIns(4)P and the specific autophagosome marker, LC3, using the same technique. Double labeling is evident in Figures 4B and S2 , which indicates PtdIns(4)P labeling on the IMPs-rich and Rab7-positive cytoplasmic leaflet (PF) of late endosomes/lysosomes (arrowhead in Figures 4B and S2A and B), as we previously reported. 26 Surprisingly, the PtdIns(4)P labeling was predominantly not localized on the LC3B-positive cytoplasmic leaflet (PF) in the inner (arrow in Figure 4B ) and outer ( Figure 4C ) membranes of the autophagosome. The average densities of the PtdIns(4)P labeling on the cytoplasmic leaflets (PFs) in the inner and outer membranes using 5-nm gold particles-conjugated second antibody were 234.3
and 342.7 gold particles/μm 2 , respectively (Figure 4Ga ), which is consistent with the earlier result revealing that PtdIns(4)P labeling on the outer membrane PF was denser than that on the inner membrane PF (Figure 2Da ). We also confirmed that the labeling of LC3B was local- has been demonstrated by a method using immunogold labeling of ultrathin sections that LC3 is predominantly localized to early, but also a subpopulation of late, autophagosomes. 40 These results suggest that PtdIns(4)P is mainly expressed in the autophagic vacuolar membrane at a later stage that may be beyond LC3B detachment.
| Localization of PtdIns(4)P, GABARAP, GABARAPL1 and GABARAPL2 in autophagosomes
It has been reported that, in addition to LC3, GABARAP subfamily proteins such as GABARAP, GABARAPL1 and GABARAPL2 are required to complete the maturation of autophagosomes. 39 LC3s are involved in elongation of the preautophagosomal membrane (also known as the isolation membrane or phagofore), and the GABARAP subfamily is essential for a later stage in autophagosome maturation.
Furthermore, we double-labeled PtdIns(4)P with GABARAP, GABAR-APL1 and GABARAPL2 to examine their relationships in autophago- S5 ) and GABARAPL2 (Figures 6 and S6 ).
| Colocalization of PtdIns(4)P with Rab7 in autophagosome
It has been reported that the exogenously expressed GFP-Rab7 is localized on the autophagosome and that Rab7 itself plays essential roles in the late maturation of autophagosomes. 40, 41 In the present study, we labeled the freeze-fracture replicas with anti-Rab7 antibody to determine the localization of endogenous Rab7 on the autophago- In particular, their colocalization was dominantly detected on the cytoplasmic leaflet (PF) of the outer membrane (yellow columns in Figure 7D ). Rab7 has been reported to be localized to late mature autophagosomes and to play roles at a late-stage autophagosomelysosome fusion event, 40, 41 suggesting that PtdIns(4)P is therefore also mainly localized to the mature late-stage autophagosomes.
| DISCUSSION
The major novel findings of the present study are as follows:
(1) PtdIns (4) (6) endogenous Rab7, which is presumed to be expressed in the late mature autophagosomes, is localized to the cytoplasmic leaflets (PFs) of the inner and outer autophagosome membrane; and (7) PtdIns(4)P colocalizes with Rab7 mostly on the PFs of the inner and outer autophagosome membranes.
In our previous study, we found that PtdIns(4)P localized on the cytoplasmic leaflet (PF), but not the luminal or exoplasmic leaflet (EF), in the Golgi body, endosomes, vacuoles and plasma membrane in the cultured mammalian cells 26, 27 and budding yeast. 28 In the present study, we found that PtdIns(4)P is present in the cytoplasmic leaflets (PFs) of the inner and outer autophagosome membranes. These observations are consistent with the fact that PtdIns(4)P directly interacts with PtdIns(4)P-binding proteins, serving as signaling molecules in each cellular organelle. Understanding the PtdIns(4)P's functionalities in the autophagosome is essential, in order to confirm that it is localized on the cytoplasmic leaflet (PF).
| Localization of PtdIns(4)P in the autophagosome
In the present study, freeze-fracture EM revealed that PtdIns(4)P is localized in the cytoplasmic leaflet (PF), but not the EF, of the inner and outer autophagosome membranes in the autophagy-induced Huh7 cells (Figure 2 ). PIs have been previously specifically labeled in ultrathin sections, 25 ,42 while we previously revealed that, by using GST-PX (PHOX, which specifically binds PtdIns(3)P), we could label vacuoles and small cytoplasmic vesicles in budding yeast. 25 Labeling was scarce on the cytoplasmic side of the vacuolar membrane in the ultrathin sections, while it was abundant on the luminal side. In contrast, the freeze-fracture EM method, which was the same as the one used in the present study revealed that PtdIns(3)P was intensely localized in the cytoplasmic leaflet (PF), but not the luminal leaflet (EF), of the vacuolar membrane. 25 The paucity of labeling on the cytoplasmic side of the vacuolar membrane in the ultrathin sections may have been due to the inability of aldehydes to fix lipids 43, 44 and/or poor penetration of the probe into the cytoplasmic matrix. These observations indicate that the freeze-fracture EM method may be more effective for determining the localization of PIs including PtdIns(4)P in organelle membranes.
It has been reported that PtdIns(4)P plays a crucial role in autophagy in the yeast and mammalian cells. (4) P generated by PI4K2A/PI4KIIα is localized in the autophagosome and is critical for autophagosome-lysosome fusion in the mammalian cells. 3 In the present study, we found that the labeling density of
PtdIns (4)P on the PF of the outer membrane is significantly higher FIGURE 6 GABARAPL1 and GABARAPL2 were mostly not detected on PtdIns(4)P-positive PFs of the autophagosomal membranes. The labeling densities of PtdIns(4)P (a),GABARAPL1 (Ab), and GABARAPL2 (Bb) on the PFs and EFs of the inner and outer autophagosome membrane structures are presented. The percentages of PtdIns(4)P-, GABARAPL1-or GABARAPL2-positive and -negative components in the inner (blue column) and outer (yellow column) membrane PFs of autophagosome structures are revealed (c). The colocalization of the PtdIns(4)P, and GABARAPL1 and GABARAPL2 labeling in both the inner and outer membranes was low than that of the inner membrane (Figure 2Da ). These results suggest that PtdIns(4)P is predominantly localized on the cytoplasmic leaflet (PF) of the outer membrane, which has significant implications for the recruitment of the appropriate effectors that have essential roles in autophagosome-lysosome fusion and in the contact sites with lysosome membrane.
In contrast, we also found that PtdIns(4,5)P 2 was not localized in the double-membrane structures of autophagosome (data not shown).
This is consistent with a previous study in which the yeast PtdIns(4)P 5-kinase Mss4p, which generates PtdIns(4,5)P 2 by phosphorylating PtdIns(4)P, is not involved in starvation-induced nonselective autophagy in budding yeast. 2 
| Localization of PtdIns(4)P on the LC3B-negative membrane of the autophagosome
We also found that PtdIns(4)P is not present in all autophagosomes in Torin1-treated Huh7 cells, and the percentage of PtdIns (4) IMPs. 32 It has been widely accepted that Atg8/LC3 is required for the autophagosome formation process, and is thus, a specific marker for autophagosomes in the yeast and mammalian cells [33] [34] [35] [36] ; however, overexpression of a GFP-LC3 reporter may increase the basal autophagosome levels even in the presence of nutrients. 36 It would be essential to examine the localization of endogenous LC3 in the autophagosome to understand the nature of the PtdIns(4)P-positive double-membrane autophagosomal structures. In addition, before association with the membrane, Atg8/LC3 needs to be conjugated to a lipid, phosphatidylenthanolaine (PtdE). 34, 47 Subsequently, to play its roles, Atg8/LC3 associates with nascent and early autophagosome membranes. After autophagosomes seal in budding yeast, the Atg8 attached to the outer membrane dissociates after it has played its role; however, the Atg8 on the inner membrane is trapped inside the sealed autophagosomes after detachment from the inner membrane. 33, 35 Atg8/LC3 is thus the first specific marker protein for autophagosome regardless of whether the Atg8/LC3 localized to these structures is functionally active or not. Thus, it will be important to confirm the localization of endogenous and functionally active Ag8/LC3 attached to the membrane in the IMP-deficient doublemembrane structures of autophagosome. In the present study, we clearly demonstrated, using the QF-FRL method, that endogenous LC3B is localized on the cytoplasmic leaflet (PF), but not the luminal leaflet (EF), of inner and outer autophagosome membranes ( Figure 3A and B). The percentages of the LC3B-positive cytoplasmic leaflets (PFs) of the inner and outer membranes are 44.7% and 41.4%, respectively ( Figure 3C ). Table 1 shows that the average of IMPs density on each fracture face of LC3B-positive and LC3B-negative structures was much lower than that on the cytoplasmic leaflet (PF) of PtdIns(4)P and Rab7-positive single membrane lysosome/autolysosome. These results indicate that LC3B-negative structures possess the typical morphology of autophagosome that is double-membrane structures with few IMPs, same as the LC3B-positive structures. These can lead us to conclude that LC3B-negative structure would be autophagosome, but not autolysosome.
Our QF-FRL technique found that PtdIns(4)P was mostly not localized on the LC3B-positive autophagosome membranes (Figure 4 ).
Previously, it has been reported that immunofluorescent structures of PtdIns(4)P and LC3 colocalize on the autophagosomes of starved cells under light microscopy (3). The use of aldehyde-fixed cells is a potential problem, because aldehydes do not react with most lipids, including PtdIns(4)P. 20 This discrepancy may be explained by postulating that PtdIns(4)P might be redistributed from its original positions or colocalized with trapped LC3 that has detached from the membrane and is sealed within the inner membranes of the autophagosomes.
Our results with the freeze-fracture EM method strongly suggest that PtdIns(4)P is expressed in the autophagosomal membranes that are negative for the functionally active form of LC3.
3.3 | PtdIns(4)P is mostly not present on GABARAP-, GABARAPL1-and GABARAPL2-positive membranes of autophagosomes LC3 proteins are involved in elongation of the phagofore membrane, and the GABARAPs subfamily members act during late steps of autophagosome formation and downstream to the elongation of the membrane, possibly in sealing of autophagosomes. 39 As with the LC3 proteins, the functionally active forms of GABARAP subfamily members are conjugated with PtdE in order to be attached to the autophagosomal membranes. 47 In the present study, labeling of GABARAP that GABARAP recruits PI4K2A/PI4KIIα to the autophagosome to generate PtdIns(4)P in situ, and immunofluorescence microscopy revealed that PI4K2A/PI4KIIα colocalizes with LC3 and GABARAP. As aforementioned, the GABARAP subfamily members also need to be conjugated with PtdE to be attached to the membrane of the autophagosome to perform their roles. 47 Our results using freeze-fracture EM lead us to postulate that GABARAP recruits PI4K2A/PI4KIIα to the membrane of autophagosome just before the autophagosome membrane sealing, and GABARAP is immediately removed from the autophagosomal membrane after recruiting it, and PtdIns(4)P on the autophagosomal membranes might be colocalized with GABARAP, collectively with LC3, trapped in the sealed inner membranes of the autophagosome.
According to the previous reports, 39,47 the LC3 proteins might be involved in the initial process of phagofore formation and elongation, and GABARAP subfamily members participate in later stages of autophagosome formation. In the present study, we demonstrated that PtdIns(4)P in the cytoplasmic leaflets (PFs) of the autophagosome inner and outer membranes basically does not colocalize with LC3B
and the GABARAP subfamily members, GABARAP, GABARAPL1 or GABARAPL2, suggesting that PtdIns(4)P is localized in the membranes at a late or mature, but not earlier, stage of autophagosome formation.
| Colocalization of PtdIns(4)P with Rab7 on the cytoplasmic leaflets (PFs) of autophagosome inner and outer membranes
Examination with an ultrafine structural method using ultrathin sections morphologically revealed that the autophagic vacuoles can be classified as autophagosomes or initial autophagic vacuoles (AVi), containing morphologically intact cytosol or organelles, or as late or degradative autophagic vacuoles (AVd), containing partially degraded cytoplasmic material. [48] [49] [50] In the previous reports, immunolabeling using ultrathin sections revealed increasing GFP-Rab7 labeling density during autophagosome maturation because GFP-Rab7-labeling on the limiting membrane of late autophagosomes was much stronger than that on the early autophagosomes, and GFP-Rab7 delivery to autophagosomes was detected before fusion with lysobisphosphatidic acid or Lamp-1-positive compartments. 40, 41 In addition, Rab7 silencing with RNA interference and the expression of the dominant negative Rab7 T22N mutant did not affect the initial maturation of the autophagosome, but blocked the fusion steps leading to the formation of morphologically identifiable late autophagic vacuoles. 40, 41 Thus, Rab7 plays a key role in the final maturation of autophagosomes to autolysosomes, accomplished by fusion events with lysosomes.
In the present study, we used bafilomycin A1 when Huh7 cells were treated with Torin1 to block the fusion between autophagosome and lysosome. As described above in "Results," the effects of bafilomycin A1 vary depending on the experimental conditions, 31 therefore, the PtdIns(4)P-and Rab7-positive structures should be identified as the autophagosome in a careful manner because autolysosomes are also positive for PtdIns(4)P and Rab7, and also autolysosome could be detected as double membranes shortly after the fusion of lysosome to autophagosome. 51 So we counted the number of IMPs on the fracture faces to distinguish the PtdIns(4)P-and Rab7-positive autophagosome membranes from the PtdIns(4)P-and Rab7-positive autolysosome/ lysosome membranes. The average of IMPs density of the PtdIns(4)Pand Rab7-positive autolysosome/lysosome membranes was much higher than that on each fracture face of the autophagosome membranes ( Figure S8 ). These results suggest that the PtdIns(4)P-and Rab7-positive PF (cytoplasmic leaflet) of both the inner and outer membranes is referred from the autophagosome, but not from autolysosome/lysosome. However, the higher density, which was around 40 to 105 IMP/μm 2 , on the PF (cytoplasmic leaflet) of the outer membrane in the autophagosome was detected (red circles in Figure S8 ).
This result cannot completely exclude the possibility that a part of PtdIns(4)P-and Rab7-positive membrane leaflets belong to the autolysosome.
As with all small GTPases, Rab proteins shuttle between inactive (GDP-bound) and active (GTP-bound) states. 52 Newly synthesized
Rab proteins are presented to the prenylation enzyme Rab geranylgeranyl transferase in order to be geranyl-geranylated, which allows them to be anchored to the membranes. 53 In their GDP-bound state, they are bound to another protein (Rab-GDP dissociation inhibitor or guanine dissociation inhibitor (GDI)) that keeps them soluble in the cytosol, while in their GTP-bound state they are tightly associated with the membrane of an organelle. 52 Therefore, in the present study, the freeze-fracture EM revealed that active forms of Rab7 were colocalized with PtdIns(4)P on the cytoplasmic leaflets (PFs) of the autophagosome inner and outer membranes. This strongly suggests that PtdIns(4)P is present on the later stage, mature autophagosome collectively with the functionally active form of Rab7. This study revealed, for the first time at a nanoscale level, that PtdIns(4)P is more enriched in the cytoplasmic leaflet (PF) of the autophagosome outer membrane than that in the inner membrane. The colocalization of PtdIns(4)P and Rab7 in the outer membrane of the autophagosome ( Figure 7D ) is consistent with the idea that both participate to the final steps of fusion events between the autophagosomes and lysosomes.
Fine mapping of PtdIns(4)P distribution at a nanoscale should help to better understand the functionality of the autophagosome. QF-FRL is ideal for studying the localization and functionality of lipids and proteins in the biological organelles and membranes of the living cells at a nanoscale level.
| MATERIALS AND METHODS

| Antibodies
The following antibodies were purchased commercially: mouse mono- 
| Probes
Recombinant GST fusion protein containing the PLC-δ1 PH domain (GST-PH) was expressed in Escherichia coli and purified as described previously. 22 The PH domain of PLC-δ1 was obtained from the GST-PH fusion protein by cleavage with PreScission protease (GE Healthcare Life Sciences), according to the manufacturer's protocol. 
| Cell culture
| Quick-freezing and freeze-fracture
A high-pressure freezing method for freezing cultured Huh7 cell was used as described previously. 54 Briefly, a shallow indentation (50-μm-deep) in an aluminum disk (3-mm diameter, 0.5-mm thick, Engineering
Office M. WholwendGmbH) was filled with 10% gelatin, and a gold foil disk with cultured Huh7 cells was placed on the aluminum disk with the cell culture side facing downward. The sample assembly was frozen using an HPM010 high-pressure freezing machine (Leica, Vienna, Austria), according to the manufacturer's instructions.
For freeze-fracture, the frozen cell sandwich was transferred to the cold stage of a Balzers BAF400 apparatus (Bal-Tec AG, Balzers, Lichtenstein) with the gold side up and fractured at −130 C and approximately 1 × 10 −6 millibar. Replicas were made by electronbeam evaporation of carbon (C; approximately 5-nm-thick), followed by platinum (Pt; 2 nm), and then C again (20 nm), as described previously. 24 The replica thickness was controlled by a crystal thickness monitor (EM QSG100; Leica). Thawed specimens were treated with 2.5% sodium dodecyl sulfate in 0.1-M Tris-HCl (pH 8.0) at 60 to 70 C overnight.
| Labeling and EM examination
Labeling with probes was performed as described previously. 22, 24, 27 Briefly, after rinsing with PBS containing 1% Triton X-100, freezefracture replicas were blocked with PBS containing 3% BSA at room temperature for 30 minutes. For labeling PtdIns (4) of PtdIns(4)P with LC3, GABARAP, GABARAPL1, GABARAPL2 or Rab7 using their respective antibodies and colloidal gold-conjugated probes was as described previously 22, 24 . 26, 27 In brief, after incubation with the primary antibodies at 4 C overnight, the secondary incubation was performed using a combination of colloidal gold (6 nm)- 
| Statistical analysis
EM images obtained from more than three independent experiments were used for the analyses. The number of colloidal gold particles was counted manually, and areas were measured using ImageJ software National Institutes of Health (NIH). The labeling density in the selected structure was calculated by dividing the number of colloidal gold particles by the area. For each structure, the labeling density was measured in more than 10 different randomly captured micrographs.
Statistical differences between the samples were tested using Student's t test.
